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ARTICLE INFO ABSTRACT
Keywords: The transcription factor Interferon regulatory factor 8 (IRF8) is involved in maintaining B cell
CRISPR/Cas9 identity. However, how IRF8 regulates T cell independent B cell responses are not fully charac-

Cas9 ribonucleoprotein

terized. Here, an in vivo CRISPR/Cas9 system was optimized to generate Irf8-deficient murine B
Gene editing

Hematopoietic stem cells cells and used to determine the role of IRF8 in B cells responding to LPS stimulation. Irf8-deficient

Primary mouse B cells B cells more readily formed CD138" plasmablasts in response to LPS with the principal dysre-

IRF8 gulation occurring at the activated B cell stage. Transcriptional profiling revealed an upregulation
of plasma cell associated genes prematurely in activated B cells and a failure to repress the gene
expression programs of IRF1 and IRF7 in Irf8-deficient cells. These data expand on the known
roles of IRF8 in regulating B cell identity by preventing premature plasma cell formation and
highlight how IRF8 helps evolve TLR responses away from the initial activation towards those
driving humoral immunity.

1. Introduction

The discovery of the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9)
system has revolutionized the ability to perform targeted gene editing. In the CRISPR/Cas9 system, the Cas9 nuclease is targeted to a
genomic region by a synthetic guide RNA (sgRNA) that is complementary to a 20 bp sequence immediately downstream of the GGN
protospacer-adjacent motif (PAM) sequence [1,2]. The Cas9 nuclease cleaves both DNA strands that are subsequently repaired by
either the nonhomologous end joining (NHEJ) or homology-directed repair (HDR) pathway. Frequently, NHEJ repair leads to in-
sertions and deletions (INDELSs), which when occurring in the coding region of a gene, can induce a frameshift and disrupt the encoded
protein resulting in a gene knockout [3,4]. Thus, the potential for rapidly editing genomes is possible.

Despite the promise of CRISPR/Cas9, challenges remain in implementing these approaches to generate genetic knockouts in vivo.
For example, to establish knockout alleles in differentiated cell types, both sgRNA and Cas9 need to be active at specific cell stages to
avoid disrupting developmental processes. Because hematopoietic stem cells (HSCs) can be used to reconstitute entire immune sys-
tems, this organ has unique advantages in being able to manipulate and dissect cell development and differentiation. During such a
transplantation process, there is an opportunity to apply CRISPR/Cas9 techniques for gene editing and study the effects in the host in
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vivo. In addition, transgenic mice that permit inducible or constitutive expression of Cas9 allow for precise timing of gene editing,
providing another key experimental tool [5,6]. Furthermore, sgRNAs can be delivered into the cells of interest of such mice through the
use of viral expression vectors. Indeed, both retroviral and lentiviral approaches have been used to genetically engineer HSCs and
differentiated immune cell types [5,7-10]. Future work to improve the ability to screen and identify sgRNAs that lead to successful
site-specific Cas9 activity prior to long-term transplantation-based experiments and validation of vectors that efficiently allow for the
tracking of sgRNA targeted cells in vivo is important to continue to grow this exciting technology.

Interferon regulatory factor 8 (IRF8) is an IRF family transcription factor that is exclusively expressed in the immune system [11].
In B cells, IRF8 controls the pre-B to B cell transition through regulation of immunoglobulin light chain expression [12], although it’s
activity can be partially compensated by the activity of IRF4, another IRF family member. IRF8 can bind to composite genomic
cis-regulatory elements as a heterodimer with the ETS family transcription factor PU.1 at ETS-IRF composite elements (EICE) [13]. In
this context, IRF8 cooperates with PU.1 to promote expression of the B cell lineage genes Spib and Ikzf1, encoding IKAROS. Intrigu-
ingly, in the absence of these factors, spontaneous leukemia is observed [14], speaking to the importance of these genes in regulating
the B cell lineage. Additionally, Irf8 is highly expressed in mature and stimulated/activated B cells where it cooperates with PU.1 to
promote germinal center (GC) development and to repress plasma cell differentiation [15-17]. As B cells differentiate into plasma
cells, Irf8 is repressed and an Irf4-driven program initiates and maintains the plasma cell gene expression program [15,18-20].
Genomic analysis of IRF8 binding and transcriptional analysis of Irf8-deficient B cells has revealed a host of genes and pathways
regulated by IRF8 [15,16,21]. However, many of these studies have focused on its interactions with PU.1 and may not have revealed
the full role of IRF8 in directing B cell differentiation responses.

To begin to address the role of Irf8 in B cell differentiation, a CRISPR/Cas9 approach to validate sgRNA and rapidly generate B cell-
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Fig. 1. Nucleofection of primary B cells with Cas9 and sgRNA targeting Ptprc. (A) Schematic of the Ptprc gene showing the locations of exons and
sgRNAs. (B) Schematic of experimental design depicting the steps and time frames of primary B cell purification, pre-stimulation, nucleofection with
Cas9/sgRNA, and analysis. (C) Histogram showing the efficiency of primary B cell nucleofection measured by GFP fluorescence. The Ptprc deletion
efficiency as measured by B220 (D) and CD45 (CD45.2) (E) surface staining in cells nucleofected with each of the five sgRNAs depicted in A.
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specific gene knockouts in vivo was developed. This approach utilized lentiviral delivery of sgRNA to HSCs that allowed B cell-specific
Cas9 expression under the control of the Cd19°FE allele [22], which is expressed early in the B cell lineage. Using this system, Irf8--
deficient B cells were generated in vivo and the effect on B cell differentiation in response to T cell independent stimulation was
measured ex vivo. These data build on the known roles of IRF8 in activated B cells, identify the transcriptional programs controlled by
IRF8 in differentiating B cells in response to T cell independent stimuli, and highlight how IRF8 plays a role in repressing interferon
signaling and maintaining B cell lineage transcriptional networks to prevent premature plasma cell differentiation.

2. Results
2.1. Identification of functional sgRNAs in primary murine B cells

One challenge during CRISPR/Cas9 genome editing is identifying sgRNAs that successfully delete a target gene of interest.
Therefore, to develop a universal approach and system for generating targeted gene knockouts in primary B cells, sgRNAs were
designed to target 5' biased exons of the B220/CD45 isoforms of the Ptprc gene, a cell surface protein that is easily detected using flow
cytometry. Importantly, the CD45 isoform has previously been edited in primary murine T cells [23]. Using the CRISPOR [24] pre-
diction track from the UCSC Genome Browser [25], five sgRNAs were chosen with a Doench/Fusi 2016 Efficiency Score greater than 55
[26] (Fig. 1A). Each sgRNA was annealed to a tracrRNA and combined with purified recombinant Cas9 to form an active complex. To
increase susceptibility to genomic editing, CD43™ splenic B cells were isolated by negative selection and stimulated for 18-20 h with
low levels of LPS (5 pg/ml). Following stimulation, the Cas9/sgRNA ribonucleoprotein complex was electroporated by nucleoporation
into prestimulated cells. B cells were then further stimulated to differentiate with 20 pg/ml LPS, 5 ng/ml IL-5, and 20 ng/ml IL-2 for 48
h [27], and the resulting cells analyzed by flow cytometry (Fig. 1B). To measure nucleoporation efficiency a GFP plasmid was also
electroporated and indicated a delivery efficiency around 20-30% (Fig. 1C). Compared to the control sample, loss of both CD45.2 and
B220 surface expression was observed only for sgRNA3, which targeted the second exon of Ptprc (Fig. 1D and E). These data indicate
that primary B cells can be edited in ex vivo culture, with loss in expression of a surface marker detectable after 48 h.

2.2. Lentiviral delivery of sgRNA for B cell specific CRISPR genome engineering

Using the sgRNA that successfully edited the Ptprc locus to reduce expression in primary B cells, we sought to optimize the system to
generate B cell specific knockouts in vivo. The puromycin expression cassette of the pLentiGuide-Puro plasmid [28] was replaced with
Thy1.1 to provide a unique surface marker that marked transduced cells, was easily integrated into flow cytometry panels, and could
be used for antibody-directed, magnetic bead-based enrichments (Supplementary Fig. 1A). Mice with a knock-in Cas9-GFP allele
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Fig. 2. In vivo editing of the Ptprc locus in B cells. (A) Schematic of the experimental design showing the isolation and viral infection of HSCs with
lentiviral vectors expressing sgRNA. (B) Schematic of the experimental design depicting the construction of CRISPRgenic mice using transduced
HSCs from A and time frames for phenotypic analysis. (C) Flow cytometry analysis showing the detection of transduced Thy1.1" splenic B cells from
CRISPRgenic mice 8 weeks post adoptive transfer. Histogram showing the expression of the Ptprc isoform B220 (D) or CD45.2 (E) in Thyl.1™ and
Thy1.1" cells from C and quantitation of geometric mean fluorescence intensity (gMFI) in each population. Significance determined by paired
Student’s t-test.
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placed under the control of the Rosa26 locus containing a lox-stop-lox cassette (Rosa26""3%-CFP) allow conditional/tissue-specific
Cas9 and GFP expression following CRE recombinase activity [6]. These mice were crossed to the Cd1 9CRE ine [22] to facilitate B
cell specific expression of Cas9. Indeed, GFP expression in these mice was only detected in CD197 but not CD19™ cells (Supplementary
Fig. 1B). Bone marrow was isolated from CD45.2 Rosa26"5%%*%CFPcd19%RE/+ mice and the hematopoietic stem cells (HSCs) enriched
by magnetic column depletion of lineage committed cells followed by purification of c-Kit™Sca-1" cells by FACS (Supplementary
Fig. 1C). HSCs were initially cultured for 24 h, transduced with lentiviruses containing Ptprc sgRNA and Thy1.1, and cultured for an
additional 24 h (Fig. 2A). At 24 h following transduction, greater than 99% of HSCs expressed the Thy1.1 transgene (Supplementary
Fig. 1D). After confirmation of transduction efficiency, transduced HSCs were adoptively transferred into lethally irradiated CD45.1
mice and the immune system was allowed to reconstitute over 8 weeks (Fig. 2B). After immune reconstitution, animals were
euthanized and the ability to delete Ptprc in splenic B cells was assessed by flow cytometry. After gating on CD19" B cells, a distinct
population of transduced B cells expressing the Thyl.1 transgene was detected (Fig. 2C). The presence of both Thyl.1 negative and
positive cells provided an internal control for comparison of transduced versus non-transduced cells. As expected, both Thy1.1" and
Thy1.1™ cells expressed equal amounts of GFP (Supplementary Fig. 1E), indicating the genetic induction of Cas9 expression was in-
dependent of lentiviral delivery and expression of Thyl.1 and sgRNAs. A significant reduction in the surface expression of the cells
expressing the Ptprc gene was observed as measured by using antibodies to the common (CD45) and B cell specific isoforms (B220)
(Fig. 2D and E). These data establish an in vivo “CRISPRgenic” system to rapidly generate B cell specific genetic knockouts to assess
gene function.

2.3. Selection of sgRNAs for IRF8

To apply this approach to studying the role of key transcription factors that regulate B cell differentiation into plasma cells, sgRNAs
were designed to target the transcription factor Irf8, which is important in B cell development and restraining plasma cell formation
[15-17]. As above, five sgRNAs were designed targeting a range of Irf8 exons (Fig. 3A), complexed with tracrRNA and Cas9 protein,
and electroporated into pre-stimulated CD43™ splenic B cells. After 48 h, B cells were harvested, permeabilized, and intracellularly
stained to quantitate IRF8 protein levels. Similar to the Ptprc experiments above, 37% electroporation efficiency was observed using a
GFP vector (Fig. 3B). Assessing IRF8 expression, sgRNAs 1 and 2 demonstrated a reduction in protein levels indicating gene editing had
occurred (Fig. 3C). These experiments establish a system to identify functional sgRNAs for genome engineering of primary murine B
cells to target both surface and intracellular proteins.

2.4. Deletion of Irf8 leads to an increase in plasmablasts following LPS stimulation

Despite the extensive literature about the role of IRF8 in B cell development and in GC B cells [16-18], the gene expression
programs regulated by IRF8 in response to TLR stimulation of B cells has not been completely characterized. Therefore, sgRNA1 and
sgRNA2 that successfully targeted Irf8 were cloned into the lentiviral CRISPR expression vector and CRISPRgenic mice generated as
described above. To confirm the specificity of editing, Thyl.1* and Thyl.1™ naive B cells, representing edited and WT cells,
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Fig. 3. Assessment of sgRNA targeting Irf8 in primary B cells. (A) Schematic of the Irf8 gene showing the locations of exons and sgRNAs. (B)

Histogram showing the efficiency of primary B cell nucleofection measured by GFP fluorescence. (C) The sgRNA editing efficiency as measured by
IRF8 intracellular staining in cells nucleofected with each of the five sgRNAs depicted in A.
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respectively, were FACS isolated from a cohort of CRISPRgenic mice, DNA purified, and subjected to the Tracking of INDELS by
Decomposition (TIDE) assay [29] (Supplementary Figs. 2A-C). The TIDE assay estimates INDEL percentages using Sanger sequencing
spectral traces surrounding the PAM sequence by comparing control versus Cas9/sgRNA targeted samples. This analysis predicted that
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Fig. 4. IRF8 restrains plasmablast formation in response to LPS. (A) Bar plot showing the deletion efficiency as determined by TIDE assay in
Thy1.1" and Thy1.1~ B cells from Irf8 CRISPRgenic mice generated with the indicated sgRNA. Data represent cells isolated from three independent
CRISPRgenic mice. (B) Schematic of the workflow to enrich transduced B cells, ex vivo stimulation with LPS, IL-2, and IL-5 for 3 days to induce B cell
differentiation, followed by analysis. (C) Flow cytometry showing the percentage of Thyl.1~ and Thy1.1" activated B cells (B220"GL7"CD138")
from a representative IRF8 CRISPRgenic mouse stimulated as in B. Histograms showing the expression of IRF8 by intracellular staining in activated
Thy1.1” and Thy1.1" B cell populations from stimulations defined in B in CRISPRgenic mice from sgRNA1 (D) or sgRNA2 (E) and quantitation of
geometric mean fluorescence intensity (§MFI) in each population, respectively. B cells from sgRNAL1 (F) or sgRNA2 (G) were stimulated with LPS, IL-
2, and IL-5 and analyzed after 3 days. Representative flow cytometry plots (left) and quantification (right) of the percentage of CD138™" plasmablasts
from Thy1.1~ and Thy1.1" cells for the indicated sgRNA. (H) Flow cytometry (left) showing the percentage of Thy1.1~ and Thy1.1" activated B cells
(B220"GL7"CD1387) and histogram (right) of IRF8 expression as measured by intracellular staining for both Thy1.1~ and Thy1.1" activated B cells
from a representative control CRISPRgenic mouse. (I) B cells from control CRISPRgenic mice were stimulated to differentiate as in F and G and
analyzed after 3 days. Flow cytometry (left) showing the gating and bar plots (right) quantitating the percentage of CD138" plasmablasts from
Thy1.1~ and Thyl.1" cells. Significance was determined by paired Student’s t-tests in D-G and L. Data from D and F represent 7-8 independent
animals from 2 experiments. Data from E and G represent 6 independent animals from 2 experiments. Data from H and I represent 3 independent
animals from 1 experiment. The strategy for FACS isolation of each population in A and the gating strategy for C-I is depicted in Supplemen-
tary Fig. 2.
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the Irf8 locus that was targeted by sgRNA1 was edited with 55% efficiency and sgRNA2 achieved 92% efficiency (Fig. 4A), indicating
that the Irf8 locus can be successfully targeted for disruption in vivo.

To further explore the phenotypic consequences of disrupting Irf8, CD43™ splenic B cells were purified from CRISPRgenic mice and
Thy1.1" transduced B cells were enriched using anti-Thy1.1-APC antibodies and anti-APC magnetic beads. The enriched cells were
then stimulated to differentiate ex vivo using LPS, IL-2 and IL-5 as above [27] and analyzed by flow cytometry after 72 h (Fig. 4B,
Supplementary Fig. 2D). Irf8 expression is known to increase in activated B cells following stimulation [15]; therefore, the intracellular
levels of IRF8 protein were analyzed in Thyl.1" and Thyl.1™ activated B cells (B220"GL7"CD1387) (Fig. 4C). A significant decrease
was observed in IRF8 protein levels in Thyl.1" activated B cells that received either of the two sgRNA targeting Irf8 compared to
untransduced Thy1.1" cells (Fig. 4D and E, Supplementary Figs. 2E-G). The contrast between the reduction in IRF8 protein levels and
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Fig. 5. IRF8 controls gene expression programs in activated B cells. RNA-seq was performed on Thy1.1~ (WT) and Thy1.1* (KO) naive B cells (nB)
from sgRNA1 and sgRNA2 Irf8 CRISPRgenic mice and activated B cells (ActB; B220"GL77CD1387) and plasmablasts (PB; CD138™) isolated after 72
h of ex vivo culture with LPS, IL-2, and IL-5. (A) Bar plot showing the number of differentially expressed genes (DEG: absolute log,FC > 1 and FDR <
0.05) for each of the indicated populations. ActB and PB for KO and WT samples are from sgRNA1 Irf8 CRISPRgenic mice. (B) Bar plot of Irf8 in reads
per kilobase per million (RPKM) normalized expression for the indicated Thy1l.1~ (WT) cell types. sgRNA1 and sgRNA2 data are combined for nB.
Significance determined by two-tailed Student’s t-test. (C) Heatmap and hierarchical clustering of 203 unique DEG from A in the nB, ActB, and PB
for KO and WT samples from sgRNA1 Irf8 CRISPRgenic mice. The grouping of samples by cell type and IRF8 status is indicated by a color bar at the
top of the heatmap. (D) Principal component analysis of the same DEG and samples from C. The percentage of variation captured by each principal
component is indicated on the axis. Shapes designate the cell type and colors designate the KO or WT status of each sample. (E) Volcano plots for
each of the comparisons in A. The number of DEG (darker colors) and genes that meet an FDR < 0.05 threshold but displayed an absolute logoFC < 1
(lighter colors) for each comparison is annotated. (F) Box plots showing the z-score normalized mean expression for 41 DEG in PB from A in nB,
ActB, and PB from WT and KO cells. For each group, the mean expression value for each gene was used. Boxes represent the interquartile range, and
notches indicate the data median. (G) Bar plots depicting the reads per kilobase per million (RPKM) normalized expression for the indicated genes. *
Signifies the gene is a DEG for the indicated comparison. Error bars represent SD and dots represent individual data points. Data represent three
independent samples for each group except WT PB, which represents two independent samples. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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TIDE assay predicted efficiency of sgRNA1 highlights the importance of confirming the activity of sgRNAs using multiple approaches.
Hereafter, we will refer to the Thy1.1" as the knockout (KO) cells and the Thy1.1™ cells as WT. Consistent with previously published
data from CD40L stimulations [15], deletion of Irf8 in KO cells led to a significant increase in CD1 38+ plasmablasts in both sets of
sgRNAs compared to WT cells (Fig. 4F and G). Importantly, the comparison of WT and KO B cells from the same animal also controlled
for any effects of hemizygosity of Cd19 introduced by the CRE allele between the two populations. Moreover, in a set of CRISPRgenic
animals that received a control sgRNA vector, there was no difference in IRF8 levels between Thy1.1" and Thy1.1~ activated B cells
(Fig. 4H), and although there appear to be more CD138" plasmablasts in the KO, this was not statistically significant (Fig. 4I).
Importantly, there was a significant increase in CD138" plasmablasts from Thyl.1" KO cells derived from both sets of sgRNAs
compared to the control sgRNA Thy1.1" cells (sgRNA1, p = 0.005; sgRNA2, p < 0.0001; two-tailed Student’s t-test).
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Fig. 6. Irf8-deficient activated B cells upregulate plasmablast and IFN gene signatures. (A) Box plots showing the z-score normalized mean
expression for 162 DEG in ActB from Fig. 5A in nB, ActB, and PB from WT and KO cells. For each group, the mean expression value for each gene was
used. Boxes represent the interquartile range and notches the data median. (B) GSEA showing the enrichment of Xu et al. IRF8 and IRF4 target gene
data sets [16] and PU.1-IRF8 regulated genes in naive B cells or activated B cells from Carotta et al. [15] in the KO versus WT ActB cells. ES,
enrichment score; NES, normalized enrichment score. (C) GSEA showing the enrichment of Shi et al. Antibody-Secreting Cell (ASC) signature gene
set [36] in the KO versus WT ActB cells. (D) GSEA showing the enrichment of the indicated HALLMARK MSigDB gene sets in the KO versus WT ActB
cells. (E) Gene expression heatmap of 66 genes in WT and KO ActB cells that were derived from a GSEA Leading Edge analysis of the HALLMARK
Inflammatory Response, Interferon Alpha Response, and Interferon Gamma Response gene sets. (F) Bar plots depicting the reads per kilobase per
million (RPKM) normalized expression for the indicated genes. * Signifies the gene is a DEG for the indicated comparison. Error bars represent SD
and dots represent individual data points.
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2.5. Transcriptional analysis of differentiating Irf8-deficient B cells

To investigate the transcriptional programs regulated by Irf8, RNA-seq was performed on naive CD43™ splenic B cells (nB) from
CRISPRgenic mice for both Irf8 sgRNA1 and sgRNA2, representing the KO and WT B cells. Comparison between the naive B cells (KO
versus WT) revealed only 7 and 4 differentially expressed genes (DEG, absolute logoFC > 1 and FDR < 0.05) for sgRNA1 and sgRNA2,
respectively (Fig. 5A, Supplemental Table 1). These results are consistent with previous microarray profiling of follicular and marginal
zone B cells from Irf8-KO mice that exhibited a small number of genes dysregulated in unstimulated nB [21]. These data suggest that
IRF8’s regulation of the transcriptional network in developing splenic B cells is minimal or alternatively can be complemented by IRF4,
as is the case for some dendritic cell populations [30].

In T cell dependent immune responses, Irf8 is expressed at the highest levels in GC B cells [31]. To determine the role for IRF8 in
controlling the gene expression program of activated B cells and plasma cells, CD43 Thy1.1" KO transduced splenic B cells were
enriched as above and stimulated to differentiate with LPS, IL-2, and IL-5. After 72 h, KO and WT cells representing
B220"GL77CD138™ activated B cells (ActB) and CD138" plasmablasts (PB) were FAGS isolated and RNA-seq was performed. Irf8
transcripts were highest in nB and ActB and were significantly repressed during differentiation in PB (Fig. 5B). In contrast to the naive
B cell data, 162 DEG were observed in ActB cells and 41 in PB (Fig. 5A, Supplemental Table 1). Hierarchical clustering of WT and KO
cell types spanning nB, ActB, and PB using the unique 203 DEG identified in any of the three populations showed that PB and nB
samples largely clustered together with ActB being the most distinct. Additionally, while Irf8-sufficient ActB clustered together with
nB, Irf8-deficient ActB clustered more closely with PB (Fig. 5C). Principal component analysis (PCA) using the same set of DEG
revealed that principal components (PC) 1 and 2 mainly separated cells based on cell type (nB, ActB, PB) (Fig. 5D). PC 3 revealed the
largest separation between KO and WT nB and ActB cell types, with PB mostly clustering together. The differences between WT and KO
cells were explored using volcano plots to determine if there was a larger skewing in gene expression below the DEG thresholds.
Consistent with the DEG results, ActB cells showed 1090 additional genes that were significantly differentially expressed (FDR < 0.05)
with small fold changes in expression, with 61% of the genes being upregulated in the KO ActB cells (Fig. 5E). These data suggest IRF8
mainly functions to repress gene expression networks in ActB cells in response to LPS.

During the final stages of differentiation, when B cells transition to PB, Irf8 is repressed (Fig. 5B) [15]. The RNA-seq data indicated
that PB harbored 41 DEG that displayed differential expression in KO cells. Given that Irf8 is not expressed in PB, we hypothesized that
the observed differences resulted from dysregulation in the previous ActB differentiation stage. For all 41 DEG, the expression levels in
WT and KO cells were plotted in nB, ActB, and PB to assess the changes across differentiation. Overall, the group of 41 DEG were
expressed at lower levels in PB compared to nB and ActB (Fig. 5F). For example, the B cell transcription factor Spib was most highly
expressed in nB and repressed in both KO and WT PB (Fig. 5G). A similar trend was observed for other B cell specific genes, such as the
GTPase Rab20, Ciita, and Cd22 (Fig. 5G, Supplemental Table 1). This suggested a failure to fully repress the B cell program. A second set
of genes were more highly expressed in KO PB and included 1110, Emb, and Lag3 (Fig. 5G). Lag3 expression has been shown to mark
immunosuppressive plasma cells that secrete IL-10 [32]. Emb encodes Embigin, an adhesion molecule that is also repressed by PAX5
during B cell lineage commitment [33]. Emb was upregulated in all B cell subsets suggesting IRF8 also participates in the repression of
Emb in developing B cells.

2.6. IRF8 represses interferon and the plasma cell gene expression signatures in ActB cells

Given that the effect of Irf8-deficiency was primarily observed in the ActB cell stage, this set of DEG was explored further. The
change in expression for the 162 DEG was assessed as B cells differentiated from nB to PB. The largest difference in expression was
observed in ActB cells with minimal expression changes in nB and PB (Fig. 6A), suggesting these genes are uniquely regulated by IRF8
in ActB. Previous expression profiling identified a set of genes regulated by IRF8 and IRF4 in LPS activated B cells [16] as well as genes
jointly regulated by PU.1 and IRF8 [15]. The overlap with previous datasets was explored using gene set enrichment analysis (GSEA)
[34,35] and a significant down regulation of IRF8 regulated genes in KO B cells was observed (Fig. 6B). In contrast, IRF4 regulated
genes were significantly upregulated in KO B cells. Similarly, genes regulated by PU.1 and IRF8 in naive and activated B cells were
downregulated (Fig. 6B). Given the observed phenotype of increased plasmablast differentiation resulting from KO B cells, this sug-
gested that these cells may upregulate a plasmablast gene signature early in ActB when IRF8 is absent. These data are consistent with
previous results from IRF4"IRF8'°Y GC B cells [16]. To address this informatically, GSEA was performed using an antibody secreting
cell (ASC) specific gene set [36] and the enrichment tested between KO and WT ActB. This analysis showed that ActB KO cells strongly
upregulated ASC signature genes (Fig. 6C), further suggesting that in the absence of IRF8, the plasmablast program is engaged
prematurely.

The dysregulation in KO ActB was further explored by GSEA using the HALLMARK MSigDB database of gene sets. The top pathway
enriched in WT ActB was the MYC Targets vl gene set (Fig. 6D). Consistent with KO ActB cells engaging the plasmablast gene
expression program early, these cells displayed significant enrichment of Protein Secretion and IL6-JAK-STAT3 signaling gene sets.
STATS3 signaling has been shown to induce expression of Prdm1 [37], which encodes BLIMP1, the master transcription factor for
plasmablast differentiation. In addition, multiple HALLMARK gene sets including the Interferon Alpha Response, Interferon Gamma
Response, and Inflammatory Response were also upregulated in KO ActB. To further highlight the upregulation of these pathways in
KO ActB, a core set of 66 interferon genes from all three gene sets were derived using a GSEA Leading Edge analysis, plotted as a
heatmap, and included Irf7, Ddx60, and Rtp4 (Fig. 6E and F, Supplemental Table 2). Upregulation of antiviral genes in the absence of
Irf8 was also observed in studies that mapped IRF8 target genes by ChIP-chip [38]. In addition, to the above genes and pathways, a
reduction in Aicda and Dkk3 expression was observed. The Aicda locus, which encodes AID, has been shown to be directly bound by
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IRF8 in LPS activated B cells [16]. Dkk3 is a dickkopf family gene that antagonizes WNT signaling and has been shown to negatively
regulate antibody secretion and B cell differentiation [39], suggesting IRF8 promotes Dkk3 expression to maintain B cell homeostasis
and identity. Other IRF family members, such as Irf4, were increased in expression but this was not significant between WT and KO
cells.

2.7. Irf8-deficient B cells exhibit alterations in IRF and IFN gene expression networks

IRF8 has low inherent affinity for DNA and largely relies on cooperative interactions with ETS and AP-1 family transcription factors
to bind DNA and regulate gene expression at composite EICE and AICE elements, respectively [30]. At high enough concentrations,
IRF8 can form homodimers to bind canonical ISRE motifs. To determine which mode of IRF8 activity dominated in LPS activated B
cells, the assay for transposase accessible chromatin sequencing (ATAC-seq) was performed on WT ActB. Accessible regions that
mapped to any gene with a change in expression that was below the FDR <0.05 threshold in ActB were determined and the presence of
an IRF half-site annotated using HOMER [40]. The IRF half-site was chosen to increase sensitivity to capture all IRF binding modes. Of
these regions, 56% were associated with at least one IRF binding mode (Fig. 7A). Furthermore, the presence of EICE, AICE, and ISRE
was determined and revealed that 45.1% of IRF sites in ActB DEG were the EICE composite element. This data is consistent with other
IRF8 ChIP studies in B cells that have shown IRF8 predominantly interacting with PU.1 to regulate gene expression [14,15].

To determine if dysregulation of other transcription factor networks occurred in the absence of IRF8, the Taiji analysis was used
[41]. Taiji integrates gene expression data from WT and KO ActB with chromatin accessibility data from WT ActB to compute how
important an individual transcription factor is for cell type gene expression using the PageRank algorithm. PageRank scores can be
compared between WT and KO ActB to determine differences in activity for individual transcription factors. Correlation of the change
in expression for each transcription factor with the change in PageRank activity score between KO versus WT ActB revealed an
increased activity of IRF7, IRF1, STAT2, and CTCF transcription factors in KO ActB and a decrease in activity for numerous ETS factors,
including FLI1 and ELF4, and the E2F family factor E2F4 (Fig. 7B). Further examination of IRF1 and IRF7 target genes revealed 474
and 171 target genes, respectively, that were significantly altered in expression (FDR <0.05) in the absence of Irf8, with the majority of
genes upregulated in KO ActB (Fig. 7C). When only DEG were considered, the IRF7 target genes largely overlapped with IRF1, yet IRF1
appeared to drive a small but unique set of DEG independently or in parallel with IRF7 (Fig. 7D). These data suggest that one role of
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Fig. 7. IRF8 modulates the transcriptional networks of IRF1 and IRF7. (A) ATAC-seq was performed on ActB formed after 72 h stimulation with LPS,
IL-2, and IL-5; and accessible peaks mapping to 1252 genes with an FDR < 0.05 (Fig. 5E, ActB panel) were annotated for the presence of an IRF
monomer binding sequence. Pie chart (left) showing the percentage of genes with an IRF motif and the percentage (right) that match the three
composite binding modes for IRF8 is indicated. (B) Scatter plot comparing the log,FC in Taiji PageRank transcription factor activity scores versus
logoFC change in gene expression between KO versus WT ActB cells. Selected transcription factors are indicated. (C) Heatmap and hierarchical
clustering of IRF1 (left) and IRF7 (right) target genes determined by Taiji exhibiting a change in expression between WT and KO ActB cells with an
FDR < 0.05. (D) Venn diagram showing the overlap in DEG that are IRF1 and IRF7 target genes from C.
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IRF8 is to modulate the transcriptional networks of other IRF family members.
3. Discussion

The CRISPRgenic approach developed in this study lays the foundation to rapidly generate B cell-specific knockouts. As CRISPR-
based approaches are increasingly applied in vivo to study the immune system and have become more robust [5,7,8,23], it is now
possible to study the function of newly identified genes and pathways from high-throughput genomic approaches such as ATAC-seq
and RNA-seq. This study used lentiviral delivery of sgRNA expressing constructs into HSCs carrying the Cas9 transgene that was
specifically expressed in CD19" B cells. Using this approach, a role for the transcription factor IRF8 in regulating B cell responses to
LPS, a T cell-independent type I stimulation, was determined. It is important to note that these observations were based on co-culture
experiments of KO and WT B cells and cannot rule out the possibility that upregulation of 1110 and/or 1115 by KO B cells influenced the
phenotype of WT B cells by paracrine signaling. Nevertheless, and consistent with previous literature [15], Irf8-deficient B cells more
rapidly formed PB upon stimulation and upregulated a set of ASC signature genes prematurely in the ActB cell stage. Additionally, an
upregulation in the transcriptional targets of IRF1 and IRF7 was observed, indicating IRF8 partly functions to modulate the gene
expression programs of other IRF family transcription factors.

IRF8 and IRF4 are closely related and unique among the IRF family of transcription factors because their expression is restricted to
the immune system, and they utilize distinct DNA binding partners to regulate transcription [42]. Using ATAC-seq data from ActB cells
to identify transcription factor motifs enriched in the accessible chromatin surrounding KO genes with altered expression, an
enrichment of the EICE motif, which is a composite site that binds IRF:ETS heterodimers, was identified. This is consistent with other
data indicating that IRF8 primarily cooperates with the ETS factor PU.1 to regulate target gene expression [14,17,38]. Although a
smaller percentage compared to EICE, AICE and ISRE sites were also identified surrounding KO DEG. Irfl and Irf7, which were
upregulated in the absence of Irf8, are two factors that bind ISRE sequences and were predicted by PageRank analysis to have increased
influence over the KO transcriptional network. The Irf7 promoter is directly bound by IRF8 in mouse GC B cell lines and Irf7 is
upregulated following transfection of Irf8 targeting siRNAs [38]. These data suggest Irf7, but not necessarily Irf1, is directly regulated
by IRF8. Both IRF1 and IRF7 can be activated downstream of TLR receptors that signal through Myd88 [43]. In the absence of Irf8,
inflammatory gene sets were clearly upregulated following TLR stimulation with LPS. These data suggest that one role for IRF8 may be
to fine-tune the IRF activity away from an IFN-driven network towards one more conducive for ActB, and in response to T cell
dependent antigens, the GC response.

The majority of focus has been on the role of IRF8 in promoting activated, GC B cells in response to T cell-dependent antigens
[15-17]. In response to T cell-independent antigens, ActB cells represent a heterogeneous state of proliferating B cells that undergo
progressive epigenetic and transcriptional remodeling [44]. In vivo, B cells progressively lose their identity as they undergo at least
eight cellular divisions before ultimately differentiating into antibody secreting plasmablasts [45]. The lack of IRF8 in the CRISPRgenic
ActB cells may allow the low levels of IRF4 to accumulate at EICE and AICE targets thereby promoting the ASC program, resulting in
more plasmablasts formed. Multiple targets of IRF8 identified here were consistent with the role of IRF8 in the repression of plasma cell
differentiation in ActB. Consistent with ChIP-seq data from cell lines representing GC derived B cells [38], IRF8 was found to regulate
the expression of the same genes in ActB following LPS stimulation, including activation of the ETS family factor ELF4 and repression
of IRF7. FLI1, another ETS family TF, was predicted by PageRank analysis to be dysregulated and less important/active in the KO
transcriptional network. B cells expressing a Flil allele that is deficient in the transcriptional activation domain have heightened IgM
responses to T cell independent antigens [46], suggesting that IRF8 may cooperate with other ETS factors such as FLI1 to repress
plasma cell differentiation. Moreover, KO ActB expressed lower levels of Aicda, which encodes AID. The Aicda locus is directly bound
by IRF8; however, Aicda was not dysregulated in PU.1/IRF8 double knockout mice [15,17], indicating a redundant role for another
factor when both PU.1 and IRF8 are absent. In the absence of IRF4, Aicda was also reduced in expression in response to LPS [47],
suggesting that both IRF8 and IRF4 are necessary for full expression and in response to T cell independent antigens.

In summary, we present a path to explore specific stages of regulation during the differentiation of B cells using in vivo approaches
and cell-specific CRISPR/Cas9 expression technologies. Irf8 editing confirmed the expected phenotypic outcomes, such as the
increased frequency of plasmablasts, as well as revealed novel observations regarding gene expression pathways and potential
exchangeable roles of the IRF transcription factors.

4. STAR methods
4.1. Mice

C57BL/6J (JAX; 000664), CD45.1 (JAX; 002014), Cd19°RE (JAX; 006785) and Rosa26™13%CFP mice (JAX; 026175) were pur-
chased from The Jackson Laboratory and bred on site. Mice used in experiments were between 7 and 12 weeks of age and all genders
were equally represented throughout the experiments. Animals were randomly assigned to experimental groups, and independent
biological replicates of three or more were used for all phenotyping experiments. Experimental mice were euthanized via carbon
dioxide asphyxiation in accordance with AVMA Guidelines, 2020 edition. Animals were housed in specific pathogen-free caging with
12 h light/dark cycles by the Emory Division of Animal Resources.
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4.2. Cell purification and culture

For adoptive transfer assays, bone marrow hematopoietic stem cells were first isolated with the Direct lineage depletion Kit
(Miltenyi; 130-110-470), and stained with c-Kit-PE, Sca-1-PE-Cy7, and non-HSC lineage makers (B220-APC-Cy7, CD11b-APC-Cy7, and
Thy1.2-APC-Cy7) (BioLegend) for cell sorting. FACS isolated Lin~Sca-1"c-Kit ™1V cells (LSK) were cultured for 24 h in Stem Cell
Media: StemPro-34 SFM media (ThermoFisher; 10639011) with 100 ng/ml each of the following supplements: Thrombopoietin
(BioLegend; 593302), SCF (BioLegend; 579702), FMS-related tyrosine kinase 3 ligand (BioLegend; 550702), and IL-7 (BioLegend;
577802). For nucleofection experiments, splenic CD43™ B cells were isolated using the B-cell Isolation Kit (Miltenyi; 130-090-862).
Isolated B cells were cultured in B cell media: RPMI 1640 (Corning Cellgro; 50-020-PC), 10% heat-inactivated FBS (Sigma-Aldrich),
10 mM HEPES (HyClone; SH30237), 1% MEM nonessential amino acids (Sigma-Aldrich; ENBF3930-01), 10 pM Sodium Pyruvate
(Sigma-Aldrich; RNBF6686), 1 x penicillin- streptomycin-glutamine (10378016; Life Technologies), and 0.0035% 2-mercaptoethanol
(Sigma-Aldrich). For enrichment of adoptively transferred Thy1.1 congenically marked cells, CD43™ B cells were stained with Thy1.1-
APC, followed by immunomagnetic enrichment using anti-APC beads (Miltenyi; 130-097-143) according to the manufacturer’s
protocol.

4.3. Flow and FACS sorting

For antibody staining, cells were resuspended at a concentration of 1 x 10%/100 pl in FACS buffer (1 x PBS, 2 mM EDTA, and 1%
BSA), stained with Fc Block (BD; 553141) for 10-15 min, stained with fluorophore-conjugated antibodies for 30 min on ice, and then
washed with 10 vol of FACS buffer. For flow cytometry analyses all cells were fixed using 1% paraformaldehyde. The following specific
fluorescent antibodies, with specific clones indicated in parentheses, were used: BioLegend: B220-PE-Cy7 (RA3-6B2), CD45.1-APC
(A20), CD45.2-BV421, GL-7-APC, B220-A700 (RA3-6B2), Thy1.1-APC, Thyl.1-BV650, CD45.2-PE, CD11b-APC-Cy7 (M1/70), F4/
80-APC-Cy7 (BM8), CD90.2-APC-Cy7 (30H12), B220-APC-Cy7 (RA3-6B2). Zombie Yellow Fixable Viability Dye (423104); BD Bio-
sciences, Inc.: CD138-BV711 (281-2); IRF8-PE (V3GYWCH), c-Kit-PE (2B8), Sca-1-PE-Cy7 (E13-161.7). For intracellular staining of
IRF8, the FIX & PERM Cell Permeabilization Kit (ThermoFisher; GAS003) was used per the manufacturer’s protocol. For all flow
cytometry analysis, the gating strategy is depicted in Supplemental Fig. 1 and Supplemental Fig. 2. Generally, the gating scheme
progressed through the following gates: lymphocytes based on SSC-A and FSC-A, singlets based on FSC-H and FSC-W, live cells based
on the exclusion of Zombie Yellow Fixable Viability dye, and dump-negative cells using the markers CD11b"F4/80 CD90.2™ to
remove non-B cell lineage cells. All flow cytometry data were collected on a LSR II or LSRFortessa (BD Biosciences) and analyzed using
FlowJo v10.6.2 software. Cell sorting was performed at the Emory Flow Cytometry Core using a FACSAria II (BD Biosciences) and BD
FACSDiva software v8.0 (BD Biosciences).

4.4. sgRNA design and nucleofection

Synthetic guide RNAs were designed using the CRISPOR [24] track from the University of California, Santa Cruz Genome Browser
and synthesized by Integrated DNA Technologies (See Table 1). A 100 pM working concentration was generated by combining an equal
volume of 200 pM crRNA with 200 pM tracrRNA (1:1 ratio), incubated at 95 °C for 5 min, and slowly cooled to room temperature.
Annealed sgRNA were stored at —80 °C. CD43™ B cells were pre-stimulated with 5 pg/ml lipopolysaccharide for 18-20 h. 2 pl Cas9
protein (Invitrogen; A36499) was incubated with 1.2 pl 100 pM sgRNA at room temperature for 10 min. The primary B cell nucle-
ofection kit (Lonza; V4XP-4024) and 4D-Nucleofector core X Unit (Lonza; AAF-1002B, AAF-1002X) were used to electroporate
Cas9/sgRNA complexes into pre-stimulated B cells according to the manufacture’s protocol. B cells then were cultured in B cell media
supplemented with 20 pg/ml LPS, 20 ng/ml IL-2, 5 ng/ml IL-5 for 2 days as previously described [27].

4.5. Lentiviral production

The pLentiGuide-Puro plasmid was a gift from Feng Zhang (Addgene plasmid # 52963) [28]. The Puromycin resistance cassette
was replaced with Thy1.1, including the insertion of a silent mutation to eliminate a BsmBI site in Thy1.1, by the Custom Cloning Core
of the Emory Integrated Genomics Core. sgRNAs were cloned into the BsmBI site according to previously described protocols [48].

Table 1
Summary of sgRNA sequences and cloning oligos.
Ptprc Sequence (5-3") 1rf8 Sequence (5-3")
gRNA1 GGCTAATACTTCAATTTGTT gRNA1 TCGACAGCAGCATGTACCCG
gRNA2 AACTCTTACACCATCCACTC gRNA2 CAAGCAGGATTACAATCAGG
gRNA3 GTCCAGAAGGGCAAATCCAA gRNA3 AGTACATGGGTATGACCAAG
gRNA4 GACACAGAAGTCTTTGTCAC gRNA4 GCGGCATATCCGGTCACCAG
gRNAS AAAGACTTCTGTGTCCAGAA gRNAS TCGGCCGTCGGAAAGCACAC
gRNA3 oligo F CACCGGTCCAGAAGGGCAAATCCAA gRNA2 oligo F CACCGCAAGCAGGATTACAATCAGG
gRNA3 oligo R AAACTTGGATTTGCCCTTCTGGACC gRNA2 oligo R AAACCCTGATTGTAATCCTGCTTGC
gRNA3 oligo F CACCGAGTACATGGGTATGACCAAG
gRNA3 oligo R AAACCTTGGTCATACCCATGTACTC
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LentiX-293T cells (Takara; 632180) were cultured with high glucose (4.5 g/L) DMEM supplemented with 10% heat-inactivated FBS, 2
mM 1-glutamine, 1 mM sodium pyruvate, and 100 U/ml penicillin/streptomycin. For lentiviral production, LentiX-293T cells were
seeded at 5 million/10 ml in a 10 cm dish for 20-22 h. The pCMV delta R8.2 (Addgene; 12263), pCMV-VSV-G (Addgene; 8454),
pLentiGuide-Thy1.1 plasmid were mixed at a 4:1:5.4 M ratio in Opti-MEM I medium (Gibco; 31985070) to make a 500 pl suspension.
50 pl TransIT-293 reagent (Mirus; MIR 2700) was then added, mixed, and allowed to sit at room temperature for 30 min. The sus-
pension was added dropwise into each plate and mixed by gentle shaking of the plate. Following a 16-18 h incubation, the media was
replaced with 15 ml DMEM growth medium supplemented with 1% BSA. Lentiviruses were harvested 24 and 48 h later and purified by
ultracentrifugation using a SW28 and SW41 rotor (Beckman; 342207 and 331362, respectively).

4.6. LSK transduction and adoptive transfer

Flat bottom 96-well-plate was coated with 50 pl 100 ng/ul RetroNectin (Takara; T100A) overnight, then incubated with 100 pl 2%
BSA for 30 min and washed with 150 pl PBS. After isolation and 24 h culture in StemPro-34 SFM media, LSKs were resuspended in
SFM34 stem-pro media containing polybrene and seeded in a RetroNectin coated flat bottom 96-well-plate at 50,000 cells/well.
Lentivirus was added into each well, cells were centrifuged at 650xg for 1.5 h at 32 °C, followed by recovery at 37 °C for 1 h. The
supernatant was removed, cells were resuspended in Stem Cell Media, transferred to a round bottom plate, and cultured for 24 h at
37 °C. LSKs were harvested with 2 mM EDTA and PBS and transferred intravenously into CD45.1 mice that were lethally irradiated
with two doses of 450 rad, 6 h apart. Host mice were given water containing 2% sucrose, 10 pg/ml Neomycin (N5285; Sigma-Aldrich),
and 125 ng/ml polymyxin B (P0972; Sigma-Aldrich) for two weeks and were euthanized eight weeks post-irradiation.

4.7. RNA-seq

For each sample, 1000 cells were sorted directly into 300 pl of RLT buffer (Qiagen; 79216) containing 1% BME by FACS. RNA was
extracted using the Quick-RNA Microprep kit (Zymo Research; R1050) and all purified RNA was used as input for the SMART-seq v4
cDNA synthesis kit (Takara; 634894) with 12 cycles of PCR amplification. 200 pg of cDNA was used as input for the NexteraXT kit
(Illumina, FC-131-1096) using 12 cycles of PCR amplification. Final libraries were quantitated by qPCR, size distributions determined
by bioanalyzer, pooled at equimolar ratios, and sequenced at the Emory Non-human Primate Genomics Core on a NovaSeq6000 using a
PE100 run or a NextSeq550 using a PE75 run. Raw fastq reads were mapped to the mm10 genome using STAR v2.7.6a [49] with the
Gencode v27 reference transcriptome. Duplicate reads were removed from downstream analysis using the PICARD markduplicates
v2.23.8 function (http://broadinstitute.github.io/picard/). Reads mapping to exons for all unique ENTREZ genes were compiled and
normalized using GenomicRanges v1.38.0 [50] and all genes expressed at 3 or more reads per million in all samples of one group were
considered expressed. DESeq2 v1.26.0 [51] was used to assess differential expression between group and all genes with a
false-discovery rate corrected p-value < 0.05 and absolute logs fold-change >1 were considered significant. For the GSEA analysis
genes were ranked by multiplying the sign of the fold change (+ or —) by the -log¢ of the DESeq2 derived p-value for each comparison.
GSEA v4.2.3 was used for PreRanked and Leading Edge Analysis as indicated. Downstream analysis and plotting was performed in R
v3.6.3 and v4.1.0.

4.8. ATAC-seq

For each sample, 10,000 cells were sorted into FACS buffer and transposition was performed as previously described [52]. Briefly,
cells were resuspended in 12.5 pl 2x TD Buffer, 2.5 pl Tn5, 2.5 pl 1% Tween-20, 2.5 pl 0.2% Digitonin, and 5 pl H20 and incubated at
37°C for 1 h. Cells were lysed by addition of 2 pl 10 mg/ml Proteinase-K, 23 pl Tagmentation Clean-up buffer (326 mM NaCl, 109 mM
EDTA, 0.63% SDS), and incubated at 40 °C for 30 min. DNA was extracted and size-selected for small fragments using AMPureXP beads
(Beckman Coulter, A63881) and PCR amplified into a sequencing library using NexteraXT indexing primers (Illumina, FC-131-2004)
and KAPA HiFi HotStart Ready Mix (Roche, KK2602). Final libraries were again purified and size selected using AMPureXP beads,
quantitated by qPCR, size distributions determined by bioanalyzer, pooled at equimolar ratios, and sequenced at the Emory
Non-human Primate Genomics Core on a NovaSeq6000 using a PE100 run. Raw fastq reads were mapped to the mm10 genome using
Bowtie2 v2.4.2 [53] and accessible chromatin regions identified using MACS2 2.2.7.1 [54]. Target motif enrichment was assessed
using HOMER v4.11.1 [40] and Taiji PageRank v1.2.1.3 [41] analysis performed using ActB ATAC-seq and WT and KO RNA-seq
datasets.
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